We present the first demonstration of a 2 μm Brillouin laser based on a chalcogenide fiber. A short 1.5m-piece of suspended-core chalcogenide fiber is employed and a record-low lasing threshold of 52 mW is achieved. Introduction 2 μm laser sources are of particular interest for applications in atmospheric spectroscopy, coherent LIDAR, and free-space telecommunications because of eye-safe consideration. In addition, a range of molecules, including water [1], ammonia [2] , and carbon dioxide [3] , exhibit much stronger absorption lines in the 2 μm window compared to telecommunication Cband and hence can be detected at lower concentrations with a higher sensitivity. For instance, Fig. 1 indicates a significant (almost 5 orders of magnitude) difference in CO 2 absorption between 1.95 μm and 1.55 μm [4] . For the cases of highsensitivity spectroscopy and coherent Doppler LIDAR for wind measurements, sub-megahertz linewidth operation at 2 μm-range is essential to achieve high detection ranges, high resolutions, and long propagation distances.
Introduction
2 μm laser sources are of particular interest for applications in atmospheric spectroscopy, coherent LIDAR, and free-space telecommunications because of eye-safe consideration. In addition, a range of molecules, including water [1] , ammonia [2] , and carbon dioxide [3] , exhibit much stronger absorption lines in the 2 μm window compared to telecommunication Cband and hence can be detected at lower concentrations with a higher sensitivity. For instance, Fig. 1 indicates a significant (almost 5 orders of magnitude) difference in CO 2 absorption between 1.95 μm and 1.55 μm [4] . For the cases of highsensitivity spectroscopy and coherent Doppler LIDAR for wind measurements, sub-megahertz linewidth operation at 2 μm-range is essential to achieve high detection ranges, high resolutions, and long propagation distances.
Exploiting stimulated Brillouin Scattering (SBS), the nonlinear phenomenon of light-sound interaction via electrostriction and the photoelastic effect [5] , is one way to achieve 2 μm coherent sources [6, 7] . Due to damping of the phase and amplitude noise of the pump laser by acoustic phonons, the linewidth of a Brillouin laser can be much narrower than that of the pump [5] . In the telecommunication C-band, line narrowing to sub-kilohertz widths has been previously demonstrated [8] .
Construction of 2 μm Brillouin lasers is, however, not a straightforward task since (1) the Brillouin gain coefficient reduces at longer wavelengths (g B ~ λ -2 ), and (2) silica fibers, the traditional gain medium, experience a huge loss at 2 μm (α = 22.2 dB/km) [9] . Only two studies of silica 2 μm BFLs have been reported to date [9, 10] . Both experiments required unpractically high pump powers (>1W) to overcome the lasing threshold. Since the Brillouin threshold scales up with the mode effective area A eff , and down with the Brillouin gain coefficient g B [6] , there are two directions to seek for reducing the lasing threshold. The first is to employ a high Brillouin gain material, and the second is to use a small effective area waveguide. Chalcogenide glass has proven to be one of the best materials [11] [12] [13] [14] , because chalcogenide fibers and waveguides support acoustic guidance and exhibit Brillouin gain coefficient g B nearly 2 orders of magnitude larger than silica [14] . Small mode area can be found in microstructured fibers (MOFs), in particular suspended-core fibers [15] . To our best knowledge, no 2 μm BFL based on chalcogenide fibers have been reported.
Here we present the first demonstration of a Brillouin laser that operates at 2 μm and incorporates a 1.5m-long suspended-core microstructured As 38 Se 62 chalcogenide fiber serving as a gain medium. The lasing was observed at a record-low power threshold of 52 mW, at least 20 times lower than those in previous demonstrations in silica fibers. The Brillouin lasing was detected at a frequency shift of 6.258 GHz from the pump. This laser is promising for applications in 2 μm coherent communications and, in particular gas sensing, where an ultra-narrow linewidth source is required to track molecular absorption lines.
Experimental Scheme
The experimental setup of the Brillouin laser is shown in Fig.  2 . A continuous-wave (CW) diode laser (Eblana EP2000-DM-B) emitting at a wavelength of 1952.8 nm is employed as the Brillouin seed laser, followed by a 1950 nm isolator (ISO) to prevent any damage to the diode due to reflected light. The 0.7 mW output power of the seed laser is then boosted by two TDFAs, with final output power up to 700 mW. Each TDFA consists of a 1560 nm laser pump, a 1560/1950 wavelength division multiplexer (WDM) and a piece of thulium-doped fiber (TDF, TmDF200, OFS), as in Fig. 2(b) [16] . After the amplification, the pump light is launched into the Brillouin ring cavity through the port 1 of a circulator (CIR), whose port 2 is coupled to a piece of chalcogenide fiber. The generated Stokes light travels in the opposite direction to the pump light and is redirected back to the fiber by port 3 of the circulator. An optical coupler (OC) splits 1% of the power out of the cavity, leaving the rest 99% as in-cavity optical feedback. The output light is sent into an optical spectrum analyzer (OSA, Yokogawa AQ6375) and a high-speed 2 μm photodiode (PD, Photonic Solutions, ET-5000AF) for optical and radio frequency spectrum measurement. The resolution of the OSA was set to a maximum 0.05 nm.
The cross-section of the chalcogenide suspended-core fiber is depicted in the inset of Fig. 2(c) , having an outer diameter of 180 μm and a core diameter of 4.5 μm. The mode effective area is about 8 μm 2 , according to the fiber manufacturer (PERFOS). The Brillouin gain coefficient g B = 3.5 × 10 -9 m/W, is nearly 2 orders of magnitude larger than that of silica. The chalcogenide fiber is butt-coupled to two pieces of ultra-high numerical aperture (UHNA) fibers (UHNA1, Nufern) at both ends. This method is helpful in reducing the loss caused by modal mismatch between the small core chalcogenide fiber and silica SMF. At 2 μm, the total insertion loss was about 11.3 dB, including two times 0.3 dB for the splicing loss between the UHNA fiber and the SMF pigtails, 3.7 dB butt-coupling loss at each facet, and a 3.3 dB propagation loss inside the chalcogenide fiber.
Results
An output of 10 mW was obtained after the first amplification stage using thulium-doped fiber (pre-TDFA). After that, the power coupled into the chalcogenide fiber could be controlled by adjusting the pump power of the main TDFA. Considering the insertion loss of the circulator (from port 1 to port 2) and the butt-coupling loss, a group of spectra recorded at 8 different input power levels, from 51 mW to 81 mW, is depicted in Fig. 3 .
The red-shifted Stokes peak was observed when the pump power reached the lasing threshold of 52 mW, which outperforms the previous studies [9, 10] . This result benefits from several superior properties of the SBS gain medium, including a smaller core area (only 1/8 of the SMF), and a higher Brillouin gain coefficient (~ 100 of silica). The maximum input power was kept near 80 mW to avoid damaging the chalcogenide fiber. In order to reduce the coupling loss, both facets of the chalcogenide fiber had to be cleaved as flat as possible, to minimize the gap between the chalcogenide and the UHNA fiber ends. However, the large refractive index difference between the chalcogenide core (2.81) and air (1) inevitably led to high Fresnel reflections at the facet, theoretically estimated to be 22.6%. Thus, the reflected pump can be observed in Fig. 3 on the shortwavelength side.
The threshold for SBS without cavity feedback could be calculated with the following equation: 21 2
The factor of 2 is employed due to the polarization state drift in cavity [17] . In our case, it is estimated to be 91.4 mW.
The Stokes power versus the coupled pump power is illustrated in Fig. 4 . To make a comparison, the measurement was also taken for a BFL based on silica fiber, by simply replacing the chalcogenide and UHNA fibers with a 140m spool of SMF. The loss at 2 μm of the SMF spool is measured as 3.58 dB, which is close to that of chalcogenide fiber (3.3 dB). The thresholds of 52 mW (Fig. 4(a) ) and 340 mW (Fig.  4(b) ) were found for chalcogenide fiber and silica fiber respectively. The threshold in AsSe is decreased by more than 6 times, meanwhile the length of the gain medium is also reduced by 2 orders of magnitude.
In order to measure precisely the Brillouin frequency shift, the output was sent to a high-speed PD and analyzed by a radio frequency spectrum analyzer (RFA, Agilent E4448A) with 100 kHz resolution. An RF (radio frequency) signal with a center frequency of 6.258 GHz and a full width half maximum (FWHM) of 4 MHz was obtained. The center frequency represents the frequency difference between the pump and the Stokes waves, which fits the Brillouin frequency shift after considering its wavelength dependence ν B ~ λ -1 [5] . The FWHM of the beat signal indicates the linewidth of the Brillouin pump, i.e. the diode laser, which also generally fits its specifications. Meantime, we can conclude that the linewidth of the Brillouin laser itself would be smaller than 4 MHz due to the linewidth narrowing effect [8] . Theoretically, the linewidth of the Brillouin laser could be estimated by the following equations: Considering the propagation and coupling loss of the chalcogenide fiber, as well as the insertion loss of the optical components in the cavity, the feedback parameter is estimated to be R = 6.3%. The K is calculated to be 1.934 hence Δν s could be estimated as 1.07 MHz. The linewidth narrowing factor K is smaller compared to the previous BFLs based on silica [10, 18] and chalcogenide waveguides [13, 19] , mainly due to the smaller feedback parameter R and optical cavity length nL. To measure the true linewidth of the Brillouin laser, one can adopt a method, in which the Brillouin laser is used as a pump for a second Brillouin cavity, generating even narrower signal that can be used as a reference for the linewidth measurement [10] . We are considering similar techniques for further characterization of our Brillouin laser.
Conclusions
In conclusion, we have experimentally demonstrated a 2 μm Brillouin laser based on a thulium-doped fiber pump and a suspended-core chalcogenide fiber. A low lasing threshold of 52 mW is obtained with a short length of gain medium of only 1.5 meters. The Brillouin frequency shift is measured to be 6.258 GHz, in agreement with theoretical estimate. This laser is proposed as a promising candidate for future research in 2 μm-band molecular sensing and LIDAR applications.
